Background-Detection and validation of inhibitors (antibodies) to hemophilia treatment products are important for clinical care, evaluation of product safety, and assessment of population trends.
Introduction
Inhibitors to infused factor VIII (FVIII) are the most significant complication of hemophilia treatment today. FVIII inhibitors are antibodies, usually IgG, that react with FVIII in a time and temperature dependent manner [1] . They are detected primarily through their ability to neutralize FVIII activity in a clot-based assay. Lupus anticoagulants (LA) can mimic FVIII inhibitors in clot-based assays and are reported to be relatively common in hemophilia patients [2, 3] . Additional confounders are the occurrence in healthy children of non-specific inhibitors of coagulation, which inhibit mixing studies but are not corrected by phospholipid [4] and the presence of heparin contamination due to sampling from central lines and ports [5] . Alternative inhibitor measurement methods such as an enzyme-linked immunosorbent assay (ELISA) [6] or chromogenic assay [3] , have been proposed to avoid the confounding effects of LA and heparin contamination. More recently, fluorescence immunoassays have also been described [7, 8] . Non-neutralizing antibodies that bind to FVIII but have no impact on in vitro clotting tests have been demonstrated with immunoprecipitation [9] , ELISA [10] [11] [12] , and fluorescence-based immunoassays [8, 13] . Some studies have suggested that these antibodies have clinical significance [11, 12] , while others have found no such effect [14, 15] .
There is lack of consensus as to what constitutes a positive inhibitor, including the appropriate cutoff for inhibitor measurement using the Bethesda assay (BA) or NijmegenBethesda assay (NBA) and the means for evaluation of clinical significance. Some inhibitors are transient and disappear without treatment; however, it is not possible at the time of onset to predict which low titer inhibitors will progress to higher titers and which will not [16] . A better understanding of these issues is crucial for accurate detection and validation of FVIII inhibitors in clinical care, evaluation of product safety, and surveillance. history were collected from the enrolling site using standardized data collection tools. Treatment product exposure records were collected prospectively from the time of enrollment. Inhibitor measurements were performed centrally at CDC at study entry, annually, prior to any planned product switch, or for clinical indication of an inhibitor. The protocol was approved by the investigational review boards of CDC and each participating site, and all participants or parents of minor children gave informed consent. For this report, 702 subjects with hemophilia A were studied, of whom 55% had severe (< 1 unit/deciliter (U dL −1 )), 20% had moderate (1-5 U dL −1 ), and 25% had mild (5-50 U dL −1 ) disease. Age of study subjects ranged from 3 months to 84 years. A previous history of an inhibitor was reported by the enrolling site for 17.4% of subjects.
Specimen Collection
Blood was collected into evacuated siliconized glass tubes (Becton Dickinson, Franklin Lakes, NJ) containing 3.2% sodium citrate in a ratio of 1:9 with blood and centrifuged at 1,600 x g for 20 minutes at 4°C, followed by repeat centrifugation of the separated plasma at 1,600 x g for 20 minutes at 4°C in polypropylene tubes. Blood processing was completed within two hours. The separated plasma and cell pellet were shipped to CDC overnight on cold packs. At CDC, the plasma samples were aliquoted and stored in polypropylene tubes at −70°C. Cell pellets were used for DNA analysis.
Measurement Methods
Nijmegen-Bethesda Assay (NBA)-The NBA [18] was performed with the modifications previously described [19] , including heating of patient plasma to 56°C for 30 minutes and centrifugation prior to testing. Using the NBA, one Nijmegen-Bethesda unit (NBU) was defined as the amount of inhibitor per milliliter (mL) of patient plasma which inactivates 50% of the FVIII activity in 1mL of normal plasma during a 2 hour incubation at 37°C. A positive inhibitor by NBA was defined as ≥0.5 NBU, based on previous assay validation [19] . To detect non-time-dependent inhibition, the NBA was performed immediately upon mixing and compared with that after 2 hour incubation.
Chromogenic Bethesda Assay (CBA)-Chromogenic inhibitor testing was performed by the NBA method described [19] , except that FVIII was measured using a chromogenic substrate method (Factor VIII Chromogenic Assay, Dade Behring, Marburg, Germany). Plasma diluted 1:31 in imidazole buffer was incubated with bovine factor X, bovine factor IXa, bovine thrombin, CaCl 2 , and phospholipid for 90 seconds at 37°C. Factor Xa substrate with a thrombin inhibitor and a stopping buffer was added. The change in absorbance per minute was read at 405 nanometers. One Chromogenic-Bethesda unit (CBU) was defined as the amount of inhibitor per mL of patient plasma which inactivates 50% of the FVIII activity in 1mL of normal plasma during a 2 hour incubation at 37°C. A positive inhibitor by CBA was defined as ≥0.5 CBU.
coupling kit (Bio-Rad Laboratories). Plasma samples were diluted 1:50 in PBS containing 1% dried milk (PBSM) and incubated with FVIII coupled microspheres for one hour at room temperature while shaking in a 96-well filter plate (Millipore, Billerica, MA). The microspheres were washed twice with PBSM, re-suspended in 50Ol PBSM containing 2Og/ml biotinylated anti-human IgG/M (Jackson ImmunoResearch Laboratories, West Grove, PA), and shaken at room temperature for 30 minutes. The beads were then washed again, re-suspended in 50Ol PBSM containing 2Og/ml R-phycoerythrin-conjugated streptavidin (Jackson ImmunoResearch Laboratories), and shaken for 15 minutes. Following two additional washes, the beads were re-suspended in 100Ol PBSM, shaken for two minutes, and read on a Bio-Plex 200 suspension array system (Bio-Rad Laboratories). Results were expressed in median fluorescence intensity units (MFIU) and converted to fluorescence intensity units (FLIU). One FLIU was defined as 1 MFIU/1000, to make the unitage more similar to that of the other assays. Dilute Russell's Viper Venom Time (DRVVT)-DRVVT was quantitated using DVVtest and DVVconfirm reagents (American Diagnostica, Stamford, CT). Heparin was quantitated using an anti-factor Xa assay (Liquid Anti-Xa Assay, Diagnostica Stago, Parsippany, NJ).
Statistical Analysis-Comparisons using Fisher's exact test, Spearman correlation coefficient, and linear regression of dilution curves were calculated using GraphPad Prism, Version 5 (GraphPad Software Inc., San Diego, CA). Results were considered significant at the 0.05 level.
Results

Comparison of the Modified Nijmegen-Bethesda Method and the Chromogenic Bethesda Assay
NBA and CBA were performed in parallel on 1005 specimens from 702 patients. As shown in Table 1 , 880 (99.7%) of 883 specimens negative by NBA (<0.5NBU) were also negative by CBA (<0.5CBU). Three specimens (0.3%) with 0.3-0.4 NBU had positive CBU of 0.5-0.6 CBU. Of 122 NBA-positive specimens, 85 (69.7%) were also CBA-positive and were termed concordant. All specimens with NBU ≥ 2.0 (n=42) were concordant, with excellent correlation between NBU and CBU (r= 0.98, P<0.0001), as shown in Figure 1 . Thirty-seven NBA-positive specimens (30.3%) had negative CBU and were termed discordant, including 8 of 29 specimens (27.6%) with 1.0-1.9 NBU and 29 of 51 specimens (56.9%) with 0.5-0.9 NBU. Overall, discordant results were seen in 40 of 1005 specimens (4.0%) from 28 of 702 patients (4.0%).
P<0.0001), as were CBU and FLIU (r=0.65, P<0.0001). FLI was also positive on 36 (21.3%) of 169 specimens with negative NBU, indicating the presence of "non-neutralizing" antibodies ( Figure 2 ). Of those 36, 33 were from patients with no inhibitor detected previously, and 3 were from previously positive patients. Figure 3A shows comparison of proportions of positive results for the NBA, CBA, and FLI. For NBU ≥2.0, 100% of specimens were CBA positive and 98.5% were FLI positive. For 1.0-1.9 NBU, 72.4% were CBA positive and 100% were FLI positive. CBA and FLI were positive in only 43.1% and 50% of specimens with 0.5-0.9 NBU, respectively. A breakdown of the 0.5-0.9 NBU specimen results into 0.1 NBU increments ( Figure 3B ) shows that the CBA positive results (n=22) increase with increasing NBU from 23% at 0.5 to 80% at 0.9, with none reaching 100%; the FLI results (n=18) were similar. The CBA was positive in significantly more of the 0.5 NBU specimens (23%) than in the negative NBU specimens (0.3%) (P<0.0001), suggesting the presence of some true positives at 0.5 NBU. At no point in the 0.5-0.9 NBU range were positive NBA results consistently confirmed by CBA and FLI.
Comparison of All Methods
Assay Sensitivity
To evaluate the relative ability of the assays to detect low amounts of inhibitor, NBA and CBA dilution curves of known inhibitor plasmas were compared ( Figure 4 ). Inhibitors of 13.6, 30.8, and 48.5 NBU showed linearity and parallelism in the region between 25% and 75% residual activity, the range in which the inhibitor titer is calculated. With each inhibitor, the CBA showed complete inhibition at one dilution higher than the NBA, indicating a twofold greater sensitivity to inhibition. Dilution curves of the chromogenic and one-stage FVIII assays were also compared ( Figure 4D) , showing parallelism and similar sensitivity. Figure  5 shows FLI dilution curves of the 13.6 and 48.5 NBU inhibitors and two NBA-negative specimens. The 13.6 NBU curve crosses the threshold of positivity (0.466 FLIU) at a dilution of 1:400, suggesting a sensitivity equivalent to 0.03 NBU, and the 48.5 NBU curve remains above the threshold at 1:1600, showing a sensitivity of greater than 0.03 NBU.
Other Causes of Inhibition
Causes for the assay discrepancies observed were investigated in 51 specimens with a positive NBA of <2.0 NBU (Table 2 ). DRVVT, used as an indicator of the presence of LA, was positive in 4 specimens from 4 patients (7.8%); 3 had NBU of 0.5, CBU of 0, and negative FLI; one had NBU of 1.4, CBU of 0.3 and FLI of 2.57 FLIU, suggesting the presence of both LA and anti-FVIII antibodies. All had previous history of inhibitor with peak titers ranging from 2.1 to 819. Fourteen DRVVT-negative specimens (27.4%) from 9 patients showed immediate FVIII inhibition and minimal increase with incubation, or nontime-dependent inhibition (NTDI). Absence of the time dependence seen with the classic FVIII inhibitor might be interpreted as non-specific inhibition; however, all had previous history of inhibitor, and 13 of 14 were FLI positive. Specimens not reported to have been drawn peripherally were tested for heparin. No heparin contamination was detected (data not shown).
Inhibitor Kinetics
Low titer inhibitor plasmas, when diluted in the NBA, exhibited two different types of dilution curves, as shown in Figure 6 . Concordant inhibitors ( Figure 6A ) showed increasing residual activity with dilution and non-zero slopes, except for a single patient who showed a slope approaching zero on four specimens drawn over a 4 month period with NBU of 0.6-0.8 and positive FLI. He had a previous peak inhibitor titer of 512 BU and was undergoing ITI during part of that period. Discordant specimens ( Figure 6B ) were heterogeneous; some had the expected change with dilution and positive slopes, while others had slopes that were not significantly different from zero. Among 9 inhibitors with positive slopes, NTDI was seen in 1, which was also DRVVT positive; 8 of 9 inhibitors with near zero slopes showed NTDI, one with a positive DRVVT. Inhibition that does not change with dilution suggests the presence of an interfering substance affecting all dilutions. For 3 of these, the NBA repeated with bovine serum albumin substituted for FVIII-deficient plasma as diluent gave the same results, indicating that there was not a reaction between the patient plasma and the FVIII-deficient plasma.
Patient Characteristics
Discordance among the assays often appeared to be patient specific. Among the 8 discordant specimens with 1.0-1.9 NBU, 4 were from the same patient over a four year period showing NBU of 1.4-1.9, CBU of 0-0.3, negative FLI, negative DRVVT, and NTDI. This patient had a previously diagnosed inhibitor with a peak titer of 39 Bethesda units and was treated with a by-passing agent. Among patients with 0.5-0.9 NBU, 5 had two discordant specimens at least one year apart. One was DRVVT-positive on the first specimen and FLInegative on both; 2 were FLI-positive, DRVVT-negative, and NTDI-positive; and one was negative on all tests other than the NBA. When patients with NBU of 0.5-1.9 with and without history of inhibitor at study entry (HI) were compared (Table 3) , patients with positive HI were less likely to have inhibitors confirmed by both CBA and FLI (28.0% vs. 61.5%) and more likely to show positive FLI but negative CBA (32.0% vs. 0). Only patients with previous HI had positive DRVVT (16.0 %) and NTDI (48.0%). Of 25 patients with positive HI who had inhibitors in this range on study, seven (28%) were not confirmed by CBA and/or FLI or explained by LA.
During the study, 23 patients with no HI were detected by the central laboratory to have a positive NBA (Table 4) . Two had insufficient specimen to be studied. Eight had NBU ranging from 2.6 to 688.2 with comparable CBU and positive FLI (Table 4A ). Eight had concordant NBU and CBU titers between 0.5 and 1.8, 7 of the 8 with positive FLI (Table  4B) . Five patients had positive NBA but negative CBA and FLI (Table 4C ). Of the 16 concordant inhibitors, 10 persisted, 8 of them treated with by-passing agents and/or ITI and 2 requiring no treatment change. Two severe patients, age 2 and 5, had transient inhibitors which disappeared in less than one year and required no change in treatment. One patient had an inhibitor which was detected in two specimens one month apart and was treated with a by-passing agent but was not followed subsequently. Three patients were not retested. Of the 5 discordant patients, a 5-year-old had a persistent low-titer discordant inhibitor for more than 16 months and was treated with a by-passing agent; one moderate and one mild patient each reported no exposure to factor products prior to detection of the discordant inhibitors, suggesting false positive NBA results; one severe patient had a subsequent negative specimen within one month, suggesting a false positive test or a transient inhibitor; and one has not been retested. None had positive DRVVT or heparin contamination. Thus, 5 of 21 new inhibitors (23.8%) detected by NBA, ranging from 0.7 to 1.3 NBU, were not confirmed by either CBA or FLI.
Discussion
In clinical practice, the diagnosis of an inhibitor, with the concomitant decision to alter a patient's treatment to an inhibitor regimen, is usually based on more than a single positive inhibitor titer; it includes the patient's historical response to therapy and often pharmacokinetic studies. In clinical trials and surveillance programs, however, there is risk of miscounting of cases and mislabeling of patients due to false-positive inhibitor tests. As a means of determining how to define and validate a true positive inhibitor, we have examined the prospectively collected data of HIRS, which included over 1,000 patients and 3,000 specimens. In the present study, the clot-based method previously described [19] was compared with alternative methods of inhibitor measurement. Chromogenic and fluorescence-based assays were chosen because of their potential to improve on the specificity and sensitivity of clot-based assays.
Chromogenic assays are appealing for FVIII inhibitor detection, because they have been shown to be insensitive to heparin, lupus anticoagulants, and other non-specific inhibitors of coagulation [20, 21] . Their use in the Bethesda assay has been reported previously [3, 10, 22] . Chromogenic and clot-based assays differ in several key characteristics. Chromogenic assays, performed in two steps, depend upon FVIII activation by a standard amount of thrombin and generation of FXa in an artificial system, while one-stage clotting assays depend upon thrombin generation and the formation of a fibrin clot in a system containing many plasma components. Differences between the assays have been noted in their ability to measure recombinant versus native FVIII [24] and baseline FVIII levels in hemophilia patients with certain mutations [25] , due to the longer reaction time in the chromogenic assays, which more closely resemble the two stage clotting assay [24] . The chromogenic assay used in this study was chosen because in its first stage activation time of 90 seconds, it more closely resembles a one-stage assay than those assays with up to 5 minute activation times. It has also been shown to be less sensitive to FVIII variants with one-stage/two-stage assay discrepancies [27] . Its kinetics appear to be similar to those of the clot-based FVIII assay.
The FLI measures antibodies that bind to the specific FVIII molecule attached to polystyrene beads. A FLI method was originally described for simultaneous measurement and epitope mapping of FVIII inhibitors in inhibitor-positive patients [7] . Subsequently, a FLI was described for measurement of anti-FVIII antibodies in nanomoles of protein through comparison with a locally prepared immunoglobulin calibrator [8] . We defined a FLI measurement method more adaptable to clinical practice with a result more readily correlated with results obtained from traditional inhibitor assays. The FLI described is more sensitive than either the NBA or CBA, and it is not surprising that it detects antibodies in specimens without detectable inhibition of FVIII in clotting assays. Using our method, 21 .3% of 169 NBA-negative specimens had positive antibody binding to FVIII. Similarly, Krudysz-Amblo et al [8] found 33.3% of 39 inhibitor-negative patients to be positive, and Zakarija et al [13] found 15.9% of 44 inhibitor-negative patients to have antibodies above the levels detected in normal subjects using the FLI. Frequencies of antibodies to FVIII observed in hemophilia patients with negative BA were 16-39% by ELISA [11, 12] and 25% by immunoprecipitation [9] . Whether these antibodies are qualitatively different from those detected in the BA or NBA and truly fail to neutralize FVIII or whether the clot-based assays are simply less sensitive at detecting these low titer antibodies remains to be determined, as does their clinical significance.
Only 4% of specimens showed discordance between NBA and CBA results. Agreement was excellent among NBA-negative specimens (99.7%) and those with NBU≥2.0 (100%). Discordant specimens had 0.5-1.9 NBU and were more likely than concordant specimens to be FLI-negative, LA-positive, or NTDI. The FLI detected antibodies in 98.0% of CBApositive specimens but only 81.6% of NBA-positive specimens (P=0.004). Both CBA and FLI were negative in approximately 50% of specimens with 0.5-0.9 NBU. These results are similar to those using an immunoprecipitation test, in which 50% of inhibitors <1.0 BU also failed to react [9] . Specimens with titers as low as 0.5 NBU, however, sometimes gave positive results by both confirmatory tests, indicating that altering the established assay cutoff could exclude true positives. The data suggest that inhibitor results of 0.5-1.9 NBU should be interpreted with caution.
Potential causes for the discrepancies observed between the NBA and CBA are false negative CBA results, false-positive NBA results, the presence of non-FVIII inhibitors, and atypical FVIII inhibitors; they are likely to be heterogeneous. The hypothesis that the CBA is simply a less sensitive method than the NBA is not supported by the dilution curve data. The kinetics of the NBA and the CBA appeared to be similar for proven inhibitors. Overall, the FLI, which was the most sensitive method tested, showed better agreement with the CBA than the NBA. It is possible, however, that differences in the epitope specificity of individual inhibitors might cause differences in the rate of FVIIIa generation, to which the CBA is more sensitive, or differences in the reactivity to bovine proteins, leading to false negative results. Since the FVIII being measured is from the added normal plasma rather than from the patient, differences due to the patient's FVIII defect would not be expected to play a role.
Sources of false positive results in clot-based assays are well known. LA in hemophilia patients have been described [2, 3] . Non-specific inhibitors have been reported to occur in up to 35% of healthy children undergoing pre-surgical screening [4] and might appear in patients undergoing frequent immune stimulation. The false positive NBA results seen in two adults with no product exposure, who were DRVVT and NTDI negative, are more likely to be due to technical issues. Addition of the heating step to the NBA [19] could potentially cause false-positive results; however, 883 NBA-negative specimens were not affected. The heating step offers the benefit of allowing inhibitor measurement in treated patients, which in our view outweighs the risk of rare false positives, particularly if there are means to identify the errors by performing confirmatory tests. Assay variability could also account for false-positive results, as discussed previously [19] . There is also the possibility of specimen mix-up at the study site or the central laboratory. Redraw of all patients with unexpectedly positive inhibitor results is recommended.
Some discrepant inhibitors observed in this study could be directed against FVIII but atypical in their presentation. Time-dependent inhibition is one of the diagnostic criteria for FVIII inhibitors, but it is possible that some low titer inhibitors may not show this characteristic. Others may have dependence on phospholipid binding of FVIII for their reaction and more closely resemble LA in their kinetics. Inhibitors that fail to react in the FLI may be directed against epitopes not present in the single product used in the FLI and might react with other products. Because the FLI used only anti-IgG and IgM antibodies, an IgA inhibitor, rarely seen in hemophilia, might be missed. Additional limitations of this study include insufficient data on some patients who entered the study late or withdrew and were not available for follow up. Only small specimen volumes were available on some patients precluding additional testing.
In summary, FVIII specificity could not be demonstrated for 26% of inhibitors <2.0 NBU detected in the modified NBA. Low titer inhibitors ascertained in clot-based assays should always be repeated. If they are still present, consideration should be given to evaluating them with tests that more directly demonstrate their reactivity with FVIII, such as those described in this study. The clinical significance of low titer inhibitors with various characteristics needs to be defined in further studies. Table 1 Comparison of results of the chromogenic Bethesda assay (CBA) and the fluorescence immunoassay (FLI) with the Nijmegen-Bethesda assay (NBA).
Results shown in bold are discordant, with positive NBA results and negative CBA or FLI results or with negative NBA results and positive CBA or FLI results. Table 4 Characteristics of patients with newly detected inhibitors 
